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Fig. 38. Difference between actual measurements and envelope curve values
of SiD versus rate of change of water surface elevation for
Type 6 vortices. Open symbols - "on the run" measurements.
Shaded symbols - steady water surface elevation.
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These curves dictate the minimum submergence necessary to prevent the for
mation of vortices at a given intake Froude number for similar approach
flow conditions and upstream intake wall lengths. The scatter in the data
points below the envelope curves was expected, since many authors' results
have indicated this same discrepancy. Thus, the scatter is not specific to
these results.

2. Error Analysis

The discovery that the "on the run" measurement technique lead to a
consistent error in the critical submergence envelopep for the Type 5 and
Type 6 vortices was discouraging, but it does not entirely invalidate the
results for these vortex types. An analysis of the 30° vane angle, 6 ft
canal wall length data was made to estimate the significance and magnitude
of this error.

An envelope curve relating dimensionless submergence and Froude number
was drawn for the bubble entraining and the air entraining data points, as
shown in Fig. 29. Using these envelope curve relationships, the difference
in dimensionless submergence from the calculated envelope curve to the
actual data point was calculated, signified herein as b.s/D. Two plots,
shown in Figs. 37 and 38, were made relating the difference in dimen
sionless stage IJ. SiD to the corresponding value of the rate of change of
water surface elevation, dH/dt, for bubble entraining and air entraining
vortices. From these curves it appears that a relationship between IJ.S/D to
dH/dt does not exist _5or a dH/dt of greater than 2xl0-3 ft/sec. For a
dH/dt of less than 10 ft/sec, however, the scatter around the line IJ.S/D
decreases; finally, at dH/dt= 0, SiD values greater than any of the "on the
run" measurements are observed.

Figures 37 and 38 indicate that envelope curves of Type 5 and Type 6
vortices developed from the "on the run" measurements would give SiD values
which are between 0.2 and 0.4 less than those of the steady data. These
differences are not great considering the nature of the envelope curves and
the scatter which exists in both the steady and "on the run" data.
Figures 26 through 36 should thus give accurate estimates of critical sub
mergence to avoid Type 5 and Type 6 vortices if between 0.2 and 0.4 is
added to the SiD measurements taken on the run. The authors also believe
that the envelope curves for the Type 3 vortices in Figs. 26 through 36 are
accurate, with no required adjustment due to an unsteady water surface.

An error analysis was also undertaken in an attempt to explain the
scatter of the data obtained in Figs. 26 through 36. An estimate of the
errors incurred during measurement is necessary as well as the factors
which were beyond the control of the research. The primary sources of error
were in the measurement of discharge and the water surface elevation at
which a particular type of vortex occurred.

There were four sources of error found in the discharge measurement.
The first source of error was in the orifice rating curve. This curve was
calibrated using the in-house discharge measurement weighing tanks, and
estimated to be 0.5 percent. The second source of error was in the reading
of the manometer deflection. As was mentioned in the procedure, the supply
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channel of the water surface elevation was found to be changing with
respect to time; this caused the discharge to also change with respect to
time. This error was estimated to be ± .04 cfs. Besides the water surface
fluctuation, the tank suffered from another error that was not expected.
The plywood used in the construction of the tank was found to be of ex
tremely poor quality, which caused the tank to experience premature
leaking due to the voids in the plywood. This loss was estimated to be
from 0.0 to .02 cfs, since this source of error was always changing with
the head in the tank. These were all minor sources of error as compared to
the error incurred with the measurement of the discharge removed from
storage. This was due to the procedure of taking the data with the stage
dropping with respect to time. The change of stage with respect to time
was accurate to within ± .002 ft/sec, corresponding to ± .21 cfs in
discharge. This results in a total possible error in discharge measurement
of ± .21 cfs, an error in the Froude number of ± .27. This error is not
significant at the higher values of Froude number, but at the lower Froude
numbers it becomes very significant.

There were three sources of error in the stage measurements (water
surface elevation). The first source of error was in the measurement of
the stage itself. This was found to be ± .002 ft of stage. The second
source of error was caused by the wood in the flume, which would swell and
contract in conjunction with successive periods of drying and wetting.
This swelling and contraction caused the level of the top of the be11mouth
to be slightly off, which in turn made the be11mouth lip measurement erro
neous. This caused an error estimated at ± .001 ft. There was also a
human error in measuring the water surface elevation, estimated to be
± .004 ft. This caused the total error in measurement of stage to be less
than ± .005 ft which corresponds to an error of ± .01 in the dimensionless
submergence.

Neither the potential errors in discharge or stage could account for
the scatter in critical submergence measurements. The change in water
surface elevation over time did reduce SID measurements and add scatter;
however, even the steady state data had SID scatter of ± 0.2. The reason
for this scatter is the flow phenomena itself. There is a large range of
SID in which there are two stable forms of flow at an intake with and
without a free-surface vortex. The transition between the two is simi1asr
to the transition between laminar and turbulent flow. Some pulse or
disturbance must "trip" the straight flow into a sWirling flow. If the
swirling flow is the more stable of the two states, an even greater distur
bance would be required to return to the straight, non-vortex flow. Thus,
there are many secondary factors which, within a certain flow region, can
cause the swirling vortex flow to begin. These secondary factors cannot be
perfectly controlled in any experiment or field installation.

3. Analysis of Results

Envelope curves for the critical submergence required to avoid free
surface vortices in the experimental flume are drawn in Figs. 26 through
36. These curves were determined by plotting the data on log-log paper
and developing curves such that there were no anomalies between each of the
plots, e. g. reducing submergence criteria with increasing approach flow
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vane angle or with decreasing wall length. It was found that the data was
adequately represented when each exponent in the envelope equations were
constant for a given wall length. This convention was therefore adopted
for simplicity and coherence. The relatively high envelope curve in Fig.
26 is in order to avoid one of the anomolies given above.

At an intake Froude No. greater than 1.5, there appeared to be no sub
mergence which would guarantee vortex-free flow. There is no indication
as to whether this is a general phenomena or one specific to the experimen
tal facility. The dashed lines in Figs. 26 through 36 indicate that in the
region where F = V/gD ~ 1.5, either envelope curve could be correct. The
authors are not certain of which.

The envelope curves are tabulated in Table 3 and may be best compared
at F = 1.0. These comparisons indicate the following: 1) the submergence
required to avoid free-surface vortices increases with decreasing headrace
length/width ratio, 2) the submergence required to avoid free-surface vor
tices increases with increasing approach flow angle, and 3) the headrace
length/width ratio becomes increasingly important at larger approach flow
angles. This last observation may be seen by comparing envelope curves 9,
10, and 11, and subsequently curves 1, 2, and 3 in Table 3.

Approach flow angle is important because separation around the leading
edge of headrace walls will create the circulation required to form a vor
tex. A long headrace will provide a region for this zone of separation to
reattach to the wall, leaving a straight flow approaching the intake, and
reducing the tendency for vortex formation.

The envelope equations are valid for intake Froude Numbers as low as
0.25. Below this value the required submergence is assumed to be constant.
A further examination of the envelope equations indicates that the dimen
sionless submergence required to avoid free-surface vortices is greater
than 2.0 in all circumstances. This indicates that the data compiled in
Fig. 19 may not be entirely applicable to vertical intakes, where SiD ~ 0.7
and F';; 0.5 is indicated as a relatively safe region for vortex-free
intake operation.

The ultimate purpose of the envelope curves is to develop design cri
teria for intakes to avoid free-surface vortices. The envelope curves
developed herein are not applicable to all intakes but are restricted to
intake configurations similar to that of the experimental flume. The
intake must be a vertical configuration with an approach channel. The
length/width ratio of the channel and the angle of the approach flow into
the channel may then be compared with the experimental measurements to find
the appropriate envelope curve for critical submergence. Other aspects of
the intake, such as bellmouth shape and the channel width/intake diameter
ratio, are believed to be less important and should not greatly change the
minimum submergence requirements.

If the intake submergence requirements cannot be met, anti-vortex
devices must be considered. The type of anti-vortex device which will work
for a given intake cannot currently be predicted, however, without a
hydraulic model study.
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TABLE 3. Envelope Equations for Critical Submergence to Avoid
Dye Core Vortices (Type 3) in Experimental Flume

Approach Flow Headrace
Vane Angl,e Length/Width Envelope Equation

1 0° 1.13
S 3.60 (F)·12
D -

2 0° 2.25
S 3.42 (F) .09- =D

3 0° 3.56
S 2.14 (F) .04
D =

4 7.5° 1.13
S 3.85 (F) .12
D

5 7.5° 2.25
S 3.45 (F)·09
D

6 15° 1.13
S 4.16 (F) .12- =D

7 15° 2.25
S 3.99 (F) .09
D

8 15 ° 3.56
S 3.10 (F) .04
D

9 30° 1.13
S 7.00 (F) .12
D-

10 30° 2.25
S 4.59 (F) .09
D

11 30° 3.56
S 3.54 (F) .04
D

73



It is apparent that the design criteria developed herein is very
limited in application. It is, however, the first experimental program
directed specifically towards intake design criteria and should be the
beginning of a number of experimental programs on design criteria for hori
zontal intakes, vertically inverted intakes, further work on vertical
intakes, and finally, and on the effectiveness of various anti-vortex
devices in each of these configurations. The results of such experimental
programs would enable more realistic intake designs, reduce the prevalent
need for model studies, and provide basic information on the primary para
meters in vortex formation.
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v. SUMMARY AND CONCLUSIONS

1. The purpose of the study was to compile and develop intake design cri
teria to avoid free-surface vortices at hydropower intakes.

2. Literature information on vortex formation at field and model intakes
is first compiled and presented to give "intake guidelines" for design
engineers. A plot of dimensionless submergence versus intake Froude
number is presented for the installations in Fig. 19.

3. The plot is divided into two regions: 1) a region where intake vor
tices are unlikely and a model study is not required except with
extremely poor approach conditions, and 2) a region with a good possi
bility of intake vortices, where a model study is recommended.

4. Region 2, where intake vortices are a good possibility, is very large,
encompassing many hydropower facilities. This is because minimum
intake submergence to avoid vortex formation is highly dependent upon
approach conditions, which are site specific.

5. In order to add some clarity to this limited design criteria, an
experimental study was undertaken which focused upon typical intake
approach conditions. Most intakes have a headrace to avoid high cir
culation near the intake, so the experimental study simulated appraoch
conditions with a headrace or approach channel of varying length and
width.

6. The experiments were limited to vertical bellmouth intakes. The ten
dency for vortex formation is enhanced by separation around the
leading edge of the headrace channel walls. A long, narrow headrace
will reduce the tendency for vortex formation.

7. The headrace length/width ratio is increasingly important with
increasing approach flow angle.

8. The submergence required to avoid free-surface vortices was greater
than 2.0 for all the arrangements considered. This indicates that the
data compiled in Fig. 19 may not be entirely applicable to vertical
intakes, which may require a greater submergence than horizontal
intakes.
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